Embryonic diapause is an evolutionary strategy to ensure that offspring are born when maternal and environmental conditions are optimal for survival. In many species of carnivores, obligate embryonic diapause occurs in every gestation. Reciprocal embryo transplant studies indicate that embryo arrest during diapause is conferred by uterine conditions and is due to a lack of specific factors necessary for continued development. In previous studies, global gene expression analysis revealed reduced uterine expression during diapause of a cluster of genes in the mink that regulate the abundance of polyamines, including ornithine decarboxylase 1 (ODC1). In addition, in vivo inhibition of the conversion of ornithine to the polyamine, putrescine, induced a reversible arrest in mink embryonic development and an arrest in trophoblast cell proliferation in vitro. Previous studies have implicated prolactin as the principal endocrine signal to terminate diapause. In this study, uterine expression of both the progesterone and estrogen receptors remained low at reactivation whilst the prolactin receptor was expressed at all times. Treatment of mink uterine epithelial cells with varying doses of prolactin indicated that this hormone induces ODC1 expression in the uterus via pSTAT1 and mTOR, thereby regulating uterine polyamine levels. In addition, we performed global gene expression analysis on mink embryos to further explore dynamic changes during diapause and found 94 genes upregulated at reactivation from diapause. Three polyamine-related genes, including ODC1, were also upregulated at reactivation from diapause. To establish whether polyamines mitigate escape from embryonic diapause, we collected mink embryos in diapause and incubated them in vitro with putrescine. Increase in embryo volume, the first indication of emergence from diapause, was observed within the first 5 days of culture in all viable embryos treated with putrescine, and the duration of embryo survival was increased threefold. Concomitant increases were also observed in both the total number of cells and the proportion of dividing cells in putrescine-treated embryos whilst control embryos remained in the diapause state. In further studies, inhibition of polyamine synthesis abrogated proliferation in cells derived from the inner cell mass of the mink embryo, while putrescine induced dose-dependent increases in cell division. We conclude that supplementation of embryos in diapause with putrescine results in their escape from developmental dormancy. These results provide strong evidence that obligate diapause in vivo is caused by the paucity of polyamines necessary for activation of the embryo after prolactin-induced termination of diapause.
INTRODUCTION
One of the most intriguing phenomena in reproductive biology, observed in several taxa in the animal kingdom, is the reversible arrest of embryonic development known as embryonic diapause. It can last from a few days to 11 mo, depending on the species [1] . This arrest in embryo development can occur either before or after implantation and, accordingly, affects either the blastocyst [1] or the postimplantation embryo [2] . In species with pre-implantation embryonic diapause, factors dictating whether the blastocyst enters into or reactivates from embryonic diapause are under maternal regulation [3] . While considerable progress has been made, the precise factors and mechanisms involved in regulation remain to be elucidated.
The American mink, Neovison vison, exhibits an obligatory diapause, breeding in early to mid-March [4] . Following fertilization, the mink embryo takes approximately 6 days to form a blastocyst, after which it undergoes a period of near arrest of the cell cycle and exhibits low metabolic activity, lasting from a few days to 2 wk [5] . At the vernal equinox (March 21 in the Northern hemisphere), the decreasing duration of nocturnal melatonin secretion resulting from the increasing photoperiod permits secretion of prolactin from the pituitary [1] . The first signs of reactivation of the mink blastocyst are observed 3 days later as an increase in mitoses and protein synthesis, followed by expansion at Day 5, with implantation occurring after a further 8 days [6] . Papke et al. [7] first showed that treating mink with prolactin during diapause results in precocious termination of embryonic delay, whereas treatment with dopamine agonists prevents implantation. Also, prolactin, acting as a luteotropin [8] , is the main factor essential for both reactivation from embryonic diapause and embryo implantation [9] . In other mammalian species, progesterone, estradiol, or a combination of the two, are the factors responsible for implantation. However, in the mink, neither progesterone nor estradiol can reactivate the diapause blastocyst, despite progesterone secretion increasing at reactivation and levels of both progesterone and estradiol being high around implantation [9, 10] . The location and abundance of the progesterone and estrogen receptors during diapause and at reactivation has not been examined in the mink. It has been shown that the mink uterus has receptors for prolactin [11] , but the role of this hormone in induction of implantation at the uterine level has not been explored.
Our recent study demonstrated that a class of low molecular weight polycations, the polyamines, regulates embryonic diapause in the mink [12] . Although the polyamines putrescine, spermidine, and spermine were first isolated from human semen in 1678 [13] , it took another 250 yr before they were synthesized [14] . In de novo synthesis, putrescine can be produced from either of the amino acids arginine or proline through ornithine by the highly regulated, rate-limiting enzyme ornithine decarboxylase (ODC1), and spermine and spermidine can then be formed from putrescine via methionine and adenosylmethionine decarboxylase 1 (AMD1) [15] . The polyamines are essential to cell growth and can interact with nucleic acids, hence they have a plethora of biological actions, including a role in embryonic development [16, 17] . During early embryogenesis in the mouse there is an increase of Odc1 in two-cell embryos that is maintained throughout preimplantation development [18] , and germline mutation of Odc1 in the mouse prevents embryogenesis beyond the blastocyst stage [19] . When mice are treated with a pharmacological blockade of ODC1 activity by the suicide inhibitor difluormethylornithine (DFMO) twice on Day 4 of pregnancy, the pregnancy rate decreases significantly in comparison to the control [20] . In addition, a number of polyamine pathway genes are downregulated in the mouse uterus during embryonic diapause when compared to reactivation [20] . In the mink, polyamine-related genes and polyamine content in the uterus are significantly lower during diapause [12] . ODC1 is upregulated during the reactivation phase, and preventing polyamine synthesis by treating with DFMO in vivo during reactivation returns the blastocyst to a diapauselike state [12] . However, there is no information yet about whether polyamines have any direct role in reactivating the diapause blastocyst in the mink, nor what the proximal signal is that initiates their activation.
Hence, to explore the endocrine control of the reactivation process from diapause in the mink, we examined expression of the prolactin receptor (PRLR), progesterone receptor (PGR), and estrogen receptor 1 (ESR1) in the uterus. To determine whether prolactin regulates ODC1 expression in the uterus, thereby regulating uterine polyamine levels, mink uterine epithelial cells were treated with different doses of prolactin and examined for ODC1 expression. We performed a suppressive subtractive hybridization (SSH) to establish which genes are affected in the mink blastocyst between diapause and reactivation. To determine whether polyamines can mitigate escape from diapause, we collected embryos in diapause and cultured them in vitro with different doses of putrescine. We also treated a fourth group with arginine to determine whether the diapause blastocyst is able to synthesize polyamines from arginine via ODC1. Finally, we treated an inner cell mass (ICM) cell line to determine the effect of putrescine and DFMO on cell proliferation.
MATERIALS AND METHODS

Tissue Collection and Treatment
All procedures involving live animals were approved by the Comité de Déontologie de la Faculté de Médecine Vétérinaire, Université de Montréal, which is accredited by the Canadian Council on Animal Care. Investigations were carried out during three consecutive annual breeding seasons from 2010 to 2013, using ranch mink of the Pastel variety purchased from A. Richard (St. Damase, Québec, Canada). During this period, each female was bred to two fertile males according to usual farm mating practices. Embryo reactivation was synchronized among the females by daily injection of 1 mg/kg/day ovine prolactin (Sigma-Aldrich) beginning on March 21 and for the following 14 days, as previously described [9] . The first day of prolactin injection was designated Day 0 of embryo reactivation. Uterine horns from mated females were collected before diapause (4 days after the final mating), during diapause (7-9 days after the final mating and before March 21), and after prolactininduced reactivation on Day 3, Day 5, and Day 9, with implantation and nonimplantation sites collected on Day 13 (n ¼ 5 mink per stage). Uteri were collected under RNase-free conditions and were either snap frozen in liquid nitrogen for RNA extraction or fixed overnight in 4% (w/v) paraformaldehyde, washed twice in 13 phosphate buffered saline (PBS), and stored in PBS before paraffin embedding and sectioning. Embryos in diapause were flushed from the uterus using prewarmed TC-199 medium (Life Technologies, Inc.) containing 10% (vol/vol) fetal bovine serum (Invitrogen) and cultured in M16 medium (M7292; Sigma-Aldrich). For the embryo SSH experiment (see below), embryos were collected during diapause and at Day 3, Day 5, and Day 7 of prolactin-induced reactivation (n ¼ 3 per stage). Diameters of the recovered blastocysts and the observation of blastocyst expansion after putrescine treatment were measured by ocular micrometer.
Quantitative RT-PCR in Mink Uterine Tissue and Mink Uterine Epithelial Cell Line Total RNA was isolated from uteri with the RNeasy Mini Kit (Qiagen) and DNase-treated using DNase I free (Ambion) according to the manufacturer's instructions. The quality and quantity of the RNA were verified by optical density reading using a NanoDrop ND-1000 spectrophotometer, (BioLab, Thermo Fisher Scientific). An aliquot of 1 lg of total RNA was reversed transcribed in a 20 ll reaction using the SuperScript III kit (Invitrogen) with oligo (dT) priming, according to the manufacturer's instructions, and diluted either 1:20 (uterus) or 1:30 (uterine epithelial cell line) with nuclease-free water.
Quantitative amplification of cDNA (qPCR) was performed using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) with 500 nM primers using the Bio-Rad-provided plastics and reactions run in triplicate on an CFX96 Real-Time System with a C1000 Touch Thermal Cycler (Bio-Rad), and results were analyzed using CFX Manager software. The mink genome has been partially sequenced; hence, where available, primers were designed based on homologous sequences. If no mink sequence was available, cross-species primers were designed based on sequences from either ferret or dog. Primers were initially chosen based on their lack of secondary structures and their specificity. A gradient qPCR was then performed and an electrophoresis gel was run to confirm the presence of a single band, a lack of primer-dimers, and to determine optimal annealing temperature. Primer sequences can be found in Table 1 . To correct the quantification cycle (Cq) values and to calculate the expression levels, the amplification efficiency of all primer sets was then determined via a standard curve and established as equal to or greater than 1.8 for all genes. This analysis was also used to confirm that the assay was in the linear dynamic range.
The qPCR program consisted of 958C for 30 sec, 40 cycles of 958C for 15 sec, and 608C for 30 sec (including a plate read), followed by a dissociation curve of 658C to 958C for 0.05 sec, reading every 0.58C. For all genes examined in the uterus, a minimum of five replicates were run per stage for a total of five stages covering entry into diapause, diapause, and reactivation from diapause. For all genes examined in the cell line, a minimum of five replicates were run per time point. The negative control reactions contained nuclease-free water instead of template, and plates were discarded if more than one of the negative control triplicates was contaminated. An interrun calibrator sample (a pooled sample containing a representative sample from all the cDNA examined) was also run across all plates. Individual samples of a triplicate were discarded if they had irregular melting curves or if the coefficient of variation was greater than 0.02. If more than one of the triplicates was irregular, the sample was repeated.
Five genes (ribosomal protein S18, RPS18; glyceraldehyde 3-phosphate dehydrogenase, GAPDH; hypoxanthine phosphoribosyltransferase 1, HPRT1; actin, beta, ACTB; and beta-2-microglobulin, b2M) were initially assessed for use as reference genes to determine the relative expression levels of the transcripts for the genes of interest. Gene stability values and coefficients of variation were determined using the geNORM software incorporated into the CFX Manager software. The most stable, RPS18 and HPRT1, were chosen as housekeeping genes. Analysis was then performed using the geNORM software based on a modification of the efficiency-corrected comparative quantification method that incorporated a calibrator sample into the mathematical model and involved normalization to multiple reference genes [21] . The subsequent relative quantity values obtained for the replicates of each stage were then averaged and analyzed as described below.
Immunocytochemistry of Prolactin, Progesterone, and Estradiol Receptors and Phosphorylated Signal Transducer and Activator of Transcription Protein in Mink Uterine Tissue
Paraffin cross-sections of uterine tissues were used to localize PRLR, PGR, ESR1, and pSTAT1 (phosphorylated signal transducer and activator of FENELON ET AL. transcription) expression before diapause, during, and at reactivation from diapause. Briefly, after deparaffinization and hydration, the sections were blocked in 5% (wt/vol) bovine serum albumin at room temperature for 1h. After blocking, the tissues were incubated overnight at 48C with either mouse prolactin receptor antibody (20 lg/ml, ab2772; Abcam), mouse progesterone receptor antibody (40ug/ml, ab2764; Abcam), rabbit estrogen receptor alpha antibody (1mg/ml, ab75635; Abcam) or rabbit phosphorylated at S727 STAT1 antibody (2ug/ml, ab86132; Abcam) in a humid chamber. After three washes in PBS containing 0.1% Tween 20, sections were incubated for 1 h with either a goat anti-mouse against PRLR and PGR (1:300 dilution, 115-165-146; Jackson Laboratory) or a goat anti-rabbit cy-3 secondary antibody against ESR1 and pSTAT1 (1:300 dilution, 111-165-144; Jackson Laboratory). Nuclei were counterstained with 4 0 ,6-diamidino-2-phenylindole (D9564; Sigma-Aldrich) and slides were mounted in Permafluor (Thermo Fischer Scientific). Negative control sections were submitted to the same procedures except that the first antibody was replaced by blocking solution or the relative immunoglobulin G (IgG) control at the same concentration as the primary antibody. The specificity of all antibodies was confirmed by the lack of staining in the IgG controls (Supplemental Fig. S1 ; Supplemental Data are available online at www. biolreprod.org).
In Vitro Culture of Mink Uterine Epithelial Cells
The immortalized mink uterine epithelial cells employed had been previously established in the laboratory [22] . The cells were cultured in phenol red-free DMEM-F12 (21041-025; Invitrogen), 10% heat inactivated steroid stripped fetal bovine serum (Invitrogen), 10 lg/ml insulin (I1882; SigmaAldrich), 100 U/ml penicillin G/100 lg/ml streptomycin (15140-148; Gibco), and 1.25 lg/ml fungizone (15290-018; Gibco). All cultures were maintained in a 378C humidified atmosphere of 5% CO 2 in air. The medium was changed every 2 days.
Previous studies with treatment of a number of different cell types with varying concentrations of prolactin have reported increases in ODC1 expression anytime from 1 to 9 h after treatment [23] [24] [25] . Hence, to study the effect of prolactin, the uterine epithelial cells were treated with either 100, 250, or 500 ng/ml prolactin and the cells collected in a time-dependent manner with groups harvested after 0, 1, 3, 6, 9, and 24 h of prolactin treatment. Cells were then subjected to either RNA or protein extraction for gene analysis and immunoblot analysis, respectively. However, there was no change of ODC1 expression after prolactin treatment. In the uterus, previous studies have reported increases in signaling proteins after shorter time periods of treatment with either 100 or 400 ng/ml of prolactin [26, 27] . Therefore, in the absence of an increase in ODC1 after longer time points, to determine the effect of prolactin on ODC1 expression in a shorter time frame, the uterine epithelial cells were treated with 250 ng/ml prolactin and the cells collected in a timedependent manner with groups harvested after 0, 15, 30, and 45 min for immunoblot analysis. To elucidate the signaling pathways involved, the uterine epithelial cells were treated with a combination of 250 ng/ml prolactin and either 12.5 lM Jak-STAT inhibitor (AG490) (658401; Calbiochem), 20 lM MAP kinase inhibitor (PD98059) (124K1685; Sigma-Aldrich), or 25 nM mammalian target of mTOR pathway inhibitor (rapamycin) (R8781; SigmaAldrich) and the cells harvested after 0, 15, 30, and 45 min for immunoblot analysis.
Immunoblotting
Total protein was extracted from the uterine epithelial cells after in vitro culture with or without prolactin. Protein extracts were obtained by collection and pelleting of the cells in PBS containing phenylmethanesulfonyl fluoride (Sigma-Aldrich) and Complete Mini Protease Inhibitor Cocktail (1 tablet per 10 ml; Roche) followed by lysis and extraction with M-PER Mammalian Protein Extraction Reagent (Thermo Fischer Scientific). Protein concentration was measured using the BioRad protein assay according to manufacturer's instructions and read on a SpectraMax i3 Platform microplate reader (Molecular Devices). An aliquot of 30 lg of protein extracts was separated by electrophoresis on either a 10% (pSTAT1) or 12% (ODC1) SDS-PAGE gel, which was transferred to Amersham Hybond-P hydrophobic polyvinyl difluoride membranes (GE Healthcare) according to the manufacturer's instructions. The blots were blocked with 5% nonfat dry milk in PBS for 2 h at room temperature and probed with either ODC1 goat antibody (2 lg/ml, sc-21515; Santa-Cruz Biotechnology Inc.) or pSTAT1 rabbit antibody (2 lg /ml, as above) for 1 h at room temperature. After washing in 100 mM Tris and 150 mM NaCl with 0.1% Tween 20, membranes were incubated with either horseradish peroxidase (HRP)-conjugated rabbit anti-goat (against ODC1, 6 ng/ ml, sc-2768; Santa Cruz Biotechnology) or HRP-conjugated goat anti-rabbit (against pSTAT1, 6 ng/ml, sc-2004; Santa Cruz Biotechnology) secondary antibody for 1 h at room temperature. Immunoreactive bands were detected by Clarity Western ECL substrate (Bio-Rad) and visualized on a ChemiDoc MP Imaging system (Bio-Rad). After visualization, membranes were stripped according to the Abcam mild protocol for stripping, reblocked, and incubated with 2.5 ng/ml of ACTB HRP-conjugated antibody (sc-47778; Santa Cruz Biotechnology) for 20 min at room temperature as a loading control; the bands were detected as described above. 
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Embryo SSH
SSH was performed with the PCR-Select cDNA Subtraction Kit (Clontech) as detailed in previous studies [28, 29] . This technique enables isolation of differentially expressed cDNA sequences between two pools of cDNAs, the tester (specific cDNAs of interest) and the driver (cDNAs of reference). Messenger RNA from pooled blastocysts (n ¼ 3) at Day 3, Day 5, and Day 7 after blastocyst reactivation were assigned to the tester group, while pooled mRNA from blastocyst samples collected during diapause was designed as the driver. In each group, 2 lg of mRNA was used for cDNA synthesis. Two subtractions were performed: 1) forward subtraction, that is, embryonic samples collected during reactivation (tester) versus those collected during diapause (driver); and 2) reverse subtraction, that is, embryonic samples collected during diapause (tester) versus those collected at reactivation (driver). In addition, evaluation of a cluster of polyamine-related genes (ODC1, AZIN1, and SAT1) along with GDF3 was undertaken by qPCR in diapause and activated embryos to explore the potential signaling by the embryo.
Embryo Culture
Blastocysts in diapause were collected by uterine flushing and randomly allocated to treatments that consisted of one of three doses of putrescine (0.5 lM, 2 lM, and 1 mM, D13208; Sigma-Aldrich) or a single dose of arginine (10 mM; Sigma-Aldrich) based on doses used in previous studies [12, 30] . All chemicals were diluted in M16 media. For each treatment, embryos were cultured in groups of four to five in 200 ll M16 medium in 5% CO2 and 95% air at 378C for a period of 10 days. The medium was changed every 2 days, and embryo diameters were measured by ocular micrometer after 5 days. Embryos were observed and measured until their death as determined by the occurrence of embryo collapse and the onset of opacity of the cells. All the experimental treatments included four to six embryos each and were repeated three times, except the group containing 1 mM putrescine, which was repeated twice due to scarcity of mink embryos.
In Vitro Culture of ICM Cells
Cells from an immortalized ICM cell line previously established in the laboratory [6] were cultured in a mixture of media from mouse embryonic stem cell conditioned medium (30%) and M16 medium (70%) with 1 lg/ml leukemia inhibitory factor (LIF) (Sigma Aldrich). The medium was changed daily. In cultures that proliferated, cells were passaged at confluence by scalpel or by trypsinization (0.25% trypsin in 0.9 mM ethylenediaminetetraacetic acid supplemented with 10% chicken serum [Gibco]). To examine the effect of putrescine and DFMO on cell proliferation, the ICM cells were treated with or without putrescine (0.5 lM or 1 mM) and DFMO (10 mM) based on doses used in a previous study [12] . DFMO was kindly provided by Dr. Patrick Woster (Wayne State University).
Cell Proliferation Assay
Evaluation of cell proliferation in diapause blastocysts and the ICM cell culture was carried out using the Click-iT EdU imaging kit (Invitrogen) according to manufacturer's instructions. Briefly, blastocysts and ICM cells were incubated overnight at 378C with 100 lM of EdU diluted in M16 medium or ICM cell medium, respectively. After fixation in 3.7% formaldehyde and permeabilization of the samples in 0.5% Triton X-100, EdU was detected by incubation of the samples in the Click-iT reaction cocktail, which included CuSO4 and the Alexa Fluor 595 azide. Nuclei were then counterstained by Hoechst 33342 before mounting the slides using the mounting medium Permafluor (Thermo Fisher Scientific). The same staining was used to demarcate the apoptotic blastocysts as evident from the fragmented nuclei compared to the normal blastocysts.
Statistical Analyses
Data are expressed as mean 6 SEM. Differences in embryo survivability, diameter, and proliferation rate among groups was determined by one-way analysis of variance (ANOVA), and if significant, post hoc analysis was performed using the Student-Newman-Keuls test. For the immunoblot and qPCR analysis, a Shapiro-Wilks test was performed to establish normal distribution; if the distribution was skewed, the data were either arcsine (immunoblot) or log transformed (qPCR) for analysis and normality was confirmed by the Shapiro-Wilks test. The data were then analyzed by either one-way (qPCR) or two-way (immunoblot) ANOVA, with individual comparisons of means compared using Tukey contrasts (only if ANOVA was significant). A probability level of P , 0.05 was chosen as the measure of significance.
RESULTS
In other mammals with diapause, progesterone and/or estradiol are the key regulators for embryo reactivation and implantation [3] , whereas in the mink, prolactin is the proximal signal and neither progesterone nor estradiol are able to sustain reactivation, despite both being present around reactivation [10, 31] . It was therefore of interest to explore the gene expression and protein localization of PRLR, PGR, and ESR1 in the mink uterus. The abundance of PRLR mRNA was low during diapause and early reactivation but increased significantly at Day 9 of reactivation (Fig. 1A) . In contrast, PRLR protein was consistently expressed in the luminal and glandular epithelium throughout all stages, with the strongest expression being before diapause (Fig. 2) . At Day 9 of reactivation, specific focal expression in the glands was also observed (Fig.  2I) whilst at implantation sites, staining was strongest on the edge of the luminal epithelium (Fig. 2) . The abundance of mRNA for PGR was highest before and during diapause and decreased as reactivation progressed with levels lowest as implantation was beginning (Fig. 1B) . Before diapause, PGR protein expression was nuclear and localized to the glandular epithelium, luminal epithelium, and stroma (Fig. 3A) . During diapause, this expression was present but was reduced in the glands closest to the luminal epithelium, a pattern that continued through the initiation of reactivation (Fig. 3, C-H) . As reactivation progressed and implantation commenced, reduced glandular and luminal epithelia expression was observed while stromal expression persisted (Fig. 3) . The ESR1 mRNA levels were significantly higher before diapause then remained low during diapause and reactivation (Fig. 1C) . ESR1 protein expression was strongest before diapause with nuclear expression in the glandular epithelium, luminal epithelium, and stroma (Fig. 4A) . For all subsequent stages, expression was predominately stromal with minimal glandular expression (Fig. 4) .
To explore the role of PRLR in the uterine epithelium, we cultured mink uterine epithelial cells with or without prolactin (100, 250, or 500 ng/ml) and measured subsequent ODC1 expression. Over a long (0-24 h) time period, we found no effect, regardless of prolactin concentration (Supplemental Fig.  S2 ). We also examined the gene expression of a number of other candidate factors that could potentially be induced by prolactin but also found no effect (Supplemental Fig. S3) . However, over a short time period (0-45 min), ODC1 protein expression increased in the mink uterine epithelial cells in a time-dependent manner, being most intense after 45 min of prolactin treatment in comparison to the control (Fig. 6A) .
To determine the signaling pathway through which prolactin might regulate this increase in ODC1 expression, the uterine epithelial cells were cultured with prolactin with or without either a Jak-STAT inhibitor (AG490), a MAP kinase inhibitor (PD98059), or the mTOR pathway inhibitor (rapamycin). ODC1 expression was decreased in the presence of the STAT1 inhibitor, AG490, and rapamycin, but there was no effect in the presence of PD98059 (Fig. 5, A-C) . Immunoblot analysis revealed that pSTAT1 protein expression in the mink uterine epithelial cells increased significantly after 15 min of prolactin treatment in comparison to the control group. AG490 had little effect on its abundance. Finally, we immunolocalized phosphorylated STAT1 protein in the mink uterine tissue during the different stages of embryo development (Supplemental Fig.  S4 ). Before diapause, phosphorylated STAT1 nuclear expression was strong in the glandular and luminal epithelium and FENELON ET AL. stroma ( Supplemental Fig. S4 ). During diapause, this expression was much reduced to expression in only a few cells in each gland. At reactivation, expression returned to similar levels found before diapause and remained elevated (Supplemental Fig. S4 ).
The embryo SSH comparing diapause and postactivation embryos revealed the upregulation of 216 transcripts. While many were redundant, 36 were judged to be homologues of known sequences (Supplemental Table S1 ). The remainder consisted of unknown sequences, nine of which had been previously identified in other species and 49 were unknown sequences (Supplemental Table S1 ). To validate the technology, we amplified a selection of the genes that emerged from the SSH analysis (Supplemental Fig. S3) . We have previously found that in the mink uterus, the expression of ODC1 and two other genes that encode for enzymes that are implicated in polyamine biosynthesis, antizyme inhibitor 1 (AZIN1) and spermidine/spermine N1-acetyltransferase (SAT1), significantly increase at reactivation [28] . However, the presence of polyamines in the embryo had not been examined. Examination of the same three polyamine-related genes, (ODC1, AZIN1, and SAT1) by qPCR revealed that they also had increased expression in the embryo at reactivation (Fig. 6) , suggesting their importance in the emergence of the embryos from diapause.
To establish the effect of polyamines on reactivation from diapause, mink blastocysts were cultured with varying concentrations of putrescine and arginine. When first flushed out from the uterus, the mink blastocyst collapsed, but after a few hours in culture, the majority recovered their spherical shape, consistent with previous reports [32] . After 5 days, the majority of putrescine-treated blastocysts were alive whereas control blastocysts and those treated with arginine were dead, as indicated by their opaque cytoplasm (Fig. 7A) . The survival was best in the groups treated with 0.5 lM and 1 mM putrescine (Fig. 7B) . More importantly, an increase in embryo diameter and in some cases, embryo hatching from the capsule, the earliest indicators of emergence from diapause, were induced by the putrescine treatments (Fig. 7C) . The lowest and highest doses of putrescine were more potent in increasing the mean diameter of blastocysts. In addition, we assessed the effect of putrescine and arginine on the rate of cell proliferation of the diapause blastocyst (Fig. 8A) . Whereas the diapause blastocysts in the control group showed only a 6%-7% proliferation rate, the putrescine-treated blastocysts displayed an increase in proliferation of approximately 20%.
An earlier study from our laboratory showed that polyamine deprivation and/or putrescine supplementation affects the reactivated proliferation and growth of a mink trophoblast cell line in vitro [12] . Therefore, in the present study, we focused on the effect of putrescine on the proliferation of the mink ICM cells. Putrescine treatment for 24 h increased the proliferation rate of the reactivated ICM cells in vitro in comparison to the control (Fig. 8B ). There were more EdU-positive cells in the putrescine-treated groups, and the increases were dose dependent. In contrast, treatment of the ICM cells with the inhibitor DFMO decreased the cell proliferation rate.
DISCUSSION
The results reported herein demonstrate the first known in vitro induction of reactivation of carnivore embryos in obligate embryonic diapause and confirm and extend our findings of the role of polyamines in this process [12] . They further provide new insight into the mechanisms of polyamine activation of embryos. In the mink during diapause, blastocysts undergo FIG. 1. Abundance of mRNA of the prolactin receptor (PRLR), progesterone receptor (PGR), and estrogen receptor 1 (ESR1) in the mink uterus during the stages of diapause, reactivation, and implantation. A) The PRLR signal was low during diapause and early reactivation but increased significantly at Day (d) 9 of reactivation. B) Levels of PGR were highest before and during diapause and decreased as reactivation progressed. C) ESR1 levels were significantly higher before diapause then remained low during diapause and reactivation. Data represent mean mRNA relative abundance 6 SEM; means bearing different superscripts are different at P , 0.05; dia: diapause, d3-13R: day of reactivation from diapause, IS: implantation site, NIS: nonimplantation site.
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FIG. 2.
Immunolocalization of the prolactin receptor (PRLR) in mink uterine cross-sections during diapause, after reactivation of the embryo at Day (d) 3, Day 5, and Day 9 after embryo reactivation, and at Day 13 in the implantation site. PRLR expression at the protein level was nearly undetectable in the uterus during diapause (A, B, C, D) whereas it increased during Day 3 after embryo reactivation in the endometrial luminal and glandular epithelium (E, F). A similar distribution of PRLR protein in cross-sectioned uteri collected on Day 5 (G, H) and Day 9 (I, J) after reactivation of blastocysts was observed. However, in Day 13 implantation sites (IS) after reactivation the expression was higher in the luminal epithelium. The IgG negative controls can be found in Supplemental Figure S1 . Bar ¼ 50 lm FIG. 3 . Immunolocalization of the progesterone receptor (PGR) in mink uterine cross-sections during diapause (A, B, C, D), Day (d) 3 (E, F), Day 5 (G, H), and Day 9 (I, J) after embryo reactivation and at Day 13 in the implantation site (IS). Before diapause PGR protein expression was nuclear and located in the glandular epithelium, luminal epithelium, and stroma. During diapause, this expression continued but was reduced in the glands closest to the luminal epithelium, and this pattern continued through the start of reactivation. As reactivation progressed, less glandular and luminal epithelium expression was observed but the stromal expression remained. The IgG negative controls can be found in Supplemental Figure S1 . Bar ¼ 50 lm. nearly complete cell cycle arrest [6] . Putrescine can stimulate cell proliferation [33] , and our study showed that putrescine treatment significantly increased proliferation in both the diapause blastocysts and in isolated ICM cells. The increase in percentage of proliferating cells due to putrescine treatment in the viable blastocysts confirmed that the increase in the mean diameter of the blastocysts was due to reactivation of the capacity to proliferate, rather than an increase due to accumulation of fluid within the blastocyst, consistent with previous in vivo studies [6, 12] . In addition, when the ICM cells were treated with DFMO, there was a significant decrease in the rate of proliferation, as evident from the significant decrease in EdU-positive cells. This extends the findings of our previous study that showed that in mink trophectoderm cells, polyamines stimulate proliferation, whilst polyamine deprivation causes a precipitous decline in cell proliferation [12] . Together these results provide solid evidence that polyamines dictate reactivation from diapause and begin the progression of events that lead to implantation.
The increased survival of embryos cultured from diapause is consistent with a previous study showing that addition of all three polyamines prevents apoptosis and increases viability in porcine parthenotes [30] . Putrescine at the lowest dose tested (0.5 lM) appeared to be sufficient to elicit this effect with the higher doses having no increased benefit. The polyamine biosynthesis pathway is tightly regulated to control the levels of polyamines present; hence, higher doses may have resulted in compensatory pathways to prevent the detrimental effects of excess polyamines [33] . Arginine, a precursor to the polyamines, was unable to induce any significant changes in the blastocysts at the doses employed. Arginine requires ODC1 to be converted to putrescine [15] , and there is less ODC1 expression during diapause in mink in both the uterus and the blastocyst [12] . Presumably, this prevented sufficient polyamine synthesis from arginine to support normal embryonic development. It is possible the dose of arginine used was too low, or alternatively, putrescine can also be converted via ODC1 from proline and ornithine, which may have been more effective. Due to constraints of the brief annual mating season in this species and the availability of animals, it was not practical to observe the effects of additional amino acids, spermine, or spermidine on mink diapause embryos. However, previous studies have suggested that putrescine is the most effective in the fate of development of the blastocyst and trophoblast outgrowth in rodent models [34, 35] , whilst spermine and spermidine are more important during development of the cleavage stage embryos [34] . Results of gene expression analysis suggest that the embryo itself can contribute to the polyamine pool. Polyamine synthesis enzyme genes were at the lowest ebb in diapause and were upregulated once the blastocyst was reactivated. Similar upregulation of the polyamine genes in the uterus was reported recently from our laboratory [28] .
Multiple studies have shown that implantation in the mink is preceded by rapid increases in circulating progesterone from the reactivated corpus luteum [10, 36] . It was surprising to note that the expression of neither progesterone nor estrogen receptors displayed an increase with reactivation of the embryo and impending implantation in the mink uterus. This may explain why treatment with progesterone and/or estrogen, which are sufficient to induce reactivation from diapause in the   FIG. 8 . The effect of putrescine and difluormethylornithine (DFMO) on cell proliferation. A) Percent proliferating cells in embryos collected after culture in vitro with or without putrescine (0.5 lM, 2 lM, and 1.0 mM) and arginine (Arg, 10 mM). B) Whole blastocysts were visualized using differential interference contrast microscopy and cells labeled with nucleoside 5-ethynyl-2-deoxyuridine (EdU, in red) and counterstained by Hoechst. C) Percent proliferating cells of the ICM collected after in vitro culture with or without putrescine (0.5 lM and 1 mM) and DFMO (10 mM). D) Cells of the ICM were labeled by the modified nucleoside EdU (red) and counterstained by Hoechst. Asterisk (*) indicates a significant difference (P , 0.05) from control. Bar ¼ 1 mm.
POLYMINES AND DIAPAUSE
mouse and all other species examined, does not induce implantation in the mink.
Earlier studies have shown that prolactin receptor is expressed in the uterus of the mouse [37] , marmoset monkey [26] , baboon [38] , sheep [39] , pig [40] , and the human endometrium [41] . Prolactin is synthesized during decidualization of the human stroma, and in the uterus, prolactin has been implicated in glandular epithelial cell proliferation, angiogenesis, and immune regulation, particularly during implantation [42] . In the mink, prolactin is the main regulator of embryo implantation, and substantial increases in prolactin secretion during the vernal equinox are required for both the ovarian and embryonic reactivation from diapause [7, 9, 43] . This study showed that the prolactin receptor is expressed in the uterine endometrial and luminal epithelium and its expression is consistently expressed during diapause and reactivation, with increases around the time of implantation.
The detection of the prolactin receptor in the mink uterus raised the question of its role in the uterus during reactivation of the embryo from diapause. To answer this question, we examined whether variation in ODC1 expression could be regulated by prolactin. The results of the present study showed that prolactin upregulated ODC1 expression in a timedependent manner in the mink uterine epithelial cells. The increase in ODC1 protein expression after only 45 min was unexpected. In the uterus, prolactin has been shown to act through the Jak-Stat pathway with pSTAT1 increasing after 15 min [26] . It is also known that prolactin can act through other pathways, including MAPK signaling [42] and mTOR [44] . The present study showed that prolactin signaling via either STAT1 or mTOR could increase ODC1 expression in the mink uterus. Consistent with this, immunofluorescence of pSTAT1 in the mink uterus showed that pSTAT1 was low during diapause and high in the reactivated uterus. In contrast, the MAPK pathway does not appear to be involved.
Thus, the present study showed that putrescine treatment resulted in reactivation of the mink blastocyst from diapause, as evident from the increase in cell proliferation rate and diameter. Furthermore, this study showed that prolactin is a regulator of ODC1 in the mink uterus via the STAT1 and mTOR pathways, although further study is required to highlight the correlation between mTOR and STAT1 signaling and polyamine balance in the mink uterus. Thus, this report, together with our previous publication, shows the significance of the polyamines in regulating early embryo development.
